An effective synthesis of 6-functionalized endo-tricyclo[5.2.1.O2,6]deca-4,8-dien-3-ones 7__ starting from carboxylic acid 6_ has been accomplished whereby the chemical scope of the tricyclodecadienone system 1_ as a synthetic equivalent of cyclopentadienone has been expanded. Bridgehead bromide 7d gives upon treatment with base access to norbornene annulated cyclopentadienone 1. __00 which rapidly undergoes either regioselective nucleophilic addition or Diels-Alder cyclization depending on the applied reaction conditions.
Introduction
In recent years, it was demonstrated that the endo-tricyclo [5.2.1.02,6] decadienone system ! is an extremely useful synthon for a great variety of naturally occurring cyclopentanoids 1. The basic strategy underlying this approach is depicted in Scheme 1. It generally involves stereoselective nucleophilic Scheme 1 ~o F~ chemical ~o R transformati ons 1 2 addition to the enone moiety, followed by chemical eycl oreversi on
transformations to introduce the desired functionalities. Thermal cycloreversion of the appropriately functionalized tricyclodecenone _2 employing the technique of flash vacuum thermolysis ultimately leads to the desired cyclopentenones 3. The availability of both antipodes of 1 in enantiopure form, either by enzymatic resolution 1a,2 or asymmetric synthesis 3 completes this strategy and makes it extremely useful for the enantioselective synthesis of a The synthetic merit of the endo-tricyclo [5.2.1.O2,6] decadienone 1 is nicely demonstrated by the efficient enantioselective synthesis of 4-hydroxycyclopentenone _4 lh: which is the essential intermediate in the synthesis of clavulones 5. Key structure in this route to clavulones _5 is tricyclic carboxylic acid -6 which is readily available from cyclopentadiene and benzoquinone 5. Furthermore, it can conveniently be obtained in enantiopure form 2a. Decarboxylation of _6 to parent endo-tricyclodecadienone 7__ (X=H) is achieved in dimethylformamide at 100 °C in excellent yield without racemization. Retrosynthetic analysis reveals that the substituent X as present at the 6-position in tricyclodecadienone 7_ eventually appears at the C2-position in cyclopentenone 4. Hence, by choosing the appropriate substituent at C 6 in 7, a-substituted cyclopentenones _4 and accordingly the corresponding investigated to broaden the synthetic scope of the tricyclodecadienone system. In this paper, the synthesis of a variety of 6-substituted tricyclodecadienones _7 using Barton's radical chain decarboxylation process is reported. In addition, the surprisingly facile dehydrohalogenation of _7 (X=Br) to form the elusive tricyclodecatrienone 10 will be described 8.
Results and discussion
The radical chain decarboxylation process involving the thermal or photochemical decomposition of thiohydroxamic esters, as reported by Barton et al. 9 , seems a suitable method for the halodecarboxylation of_6. The high yields for this halodecarboxylation reaction observed for primary, secondary and tertiary carboxylic acids 9,1° and the avoidance of molecular halogen as the halogen radical source makes this method very attractive. It is obvious that halodecarboxylation methods using molecular halogen, such as the Hunsdiecker type processes, cannot be applied for the halodecarboxylation of 6 because of the presence of the reactive olefinic norbomene moiety. Also the use of lead tetracetate in the presence of metal halides does not seem a good choice because this aggressive reagent may cause unwanted reactions with the relative labile unsaturated tricyclodecadienone system and, moreover, the work-up is usually one hand it constitutes a tertiary radical and on the other hand it is stabilized by the adjoining enone system. Moreover, the rigidity of the strained system probably prevents intramolecular interaction with the C8-C 9 norbomene type double bond which could lead to cyclopropane ring formation. The considerations above suggest a rather selective behavior of radical 12 towards radical trapping agents, which may be beneficial for the product formation. The preparation of the required thiohydroxamic ester 11 was carried out by converting acid _6 into the corresponding acyl chloride using oxalyl chloride, followed by treatment with the sodium salt of N-hydroxypyridine-2-thione (Scheme 2). Attempts to isolate and characterize N-acyloxypyridine-2-thione 11 failed due to its instability under work-up conditions. Therefore, in all experiments described hereafter, the thiohydroxamic ester 11 was not isolated but immediately subjected to the radical decarboxylation process.
In order to gain insight into the efficiency of this radical decarboxylation process the well-documented replacement of the carboxylic acid function by hydrogen was first studied 9c. For this purpose 11 was heated in benzene at 60 °C, while irradiating with a tungsten lamp, in the presence of a large excess of t-butyl mercaptan as the hydrogen donor. A mixture consisting of parent tricyclodecadienone 7a and pyridyl sulfide 7b was obtained in yields of 60% and 15%, respectively (Scheme 2; Table 1 ). The latter product 7b was formed in almost quantitative yield when no suitable radical trapping agent, such as t-butyl mercaptan, was present. The formation of some pyridyl sulfide 7b
despite the presence of a large excess of t-butyl mercaptan is indicative of the relative stability of radical 12. It should be noted that no products arising from radical rearrangement or ring closure reactions of the tricyclodecadienone system were observed 12. The halodecarboxylation of _6 was studied under standard conditions. For the synthesis of 6-chlorotricyclodecadienone 7__cc a solution of the acid chloride of _6 in tetrachloromethane was added to a suspension of the sodium salt of N-hydroxypyridine-2-thione in refluxing tetrachloromethane while irradiating with a tungsten lamp. A mixture of two products was obtained from which the desired chloride 7cc was isolated as the minor product in 10% yield only. The major product, which was obtained in 70% yield, was identified as pyridyl sulfide 7__bb. The high selectivity of bridgehead radical 12 for reaction with hydroxamic ester 11 can readily be explained by assuming a low energy profile for radical 12 which apparently is too stable to effectively induce C-C1 bond cleavage in tetrachloromethane. The formation of 7b appears to be a rather common side reaction in those cases where rather unreactive radical trapping agents such as tetrachloromethane are used l°b. Attempts to promote the formation of 7__ce by modifying the reaction condition and using other chlorine donors, such as N-chlorosuccinimide and t-butylhypochlorite, led only to slight improvements. Eventually, chloride 7__cc was obtained in an optimum yield of 30% by applying t-butylhypochlorite in tetrachloromethane.
A much better result was obtained for the bromodecarboxylation of 6. In bromotrichloromethane, which is the commonly used radical trapping agent in this Barton decarboxylation process, an effective bromodecarboxylation of 6 was observed giving 6-bromotricyclodecadienone 7_. _dd in an excellent yield of 93%. Only a trace of pyridyl sulfide 7___bb had been formed indicating that the C-Br bond in bromotrichloromethane is apparently weak enough to let this solvent successfully compete with the thiohydroxamic ester in capturing the 6-tricyclodecadienonyl radical 12. A similar saticfactory result was obtained when iodoform was used as the trapping agent. By generating the radical 12 in toluene in the presence of an excess of iodoform 6-iodotricyclodecadienone 7__ee was isolated in 62% yield as a crystalline compound. No pyridyl sulfide 7.._bb was formed in this iododecarboxylation of 6. This result further substantiates the selective nature of bridgehead radical 12.
Having successfully accomplished the halodecarboxylation of acid 6 using Barton's procedure, the question arose whether this methodology can be applied for the introduction of other heteroatom containing functionalities at the C6-position in 7. The formation of pyridyl sulfide 7___bb from 11 in benzene indicates that the introduction of other sulfur containing substituents at C 6 in 7_ seems feasible. The radical chalcogenation has already been studied by Barton et al. 13 and was shown to proceed quite well in many cases, provided an efficient trapping agent is selected which can effectively compete with the thiohydroxamic ester.
When using dimethyl disulfide as the trapping agent under standard reaction conditions, carboxylic acid 6 only gave a disappointingly low yield (22%) of tricyclic methyl sulfide 7f. Again the major product isolated was pyridyl sulfide 7_bb. Using the somewhat more reactive diphenyl disulfide as the trapping agent only slightly affected the efficiency of this chalcogenation process. The disulfide bond in both dimethyl disulfide and diphenyl disulfide is apparently too strong to effectively compete with the thiohydroxamic ester in trapping the tricyclodecadienyl radical 12. Decreasing the reaction temperature to 0 °C which, as reported by Barton et all3.,  should disfavor the formation of the undesired pyridyl sulfide ~ did not lead to improvement. Contrary to Barton's observations, the yields of the desired sulfides 7_g considerably dropped while pyridyl sulfide 7_. _bb was now obtained in almost quantitative yield. These results indicate that the nature of the intermediate free carbon radical plays an determining role in the product formation. In the 6-Functionalized tricyclodecadienones 5103 present case lowering the temperature favors the more selective radical addition of 12 to thiohydroxamic ester 11. Although a reversible formation of 12 from the initial addition product cannot be excluded, the subsequent reaction of L2 with the disulfides is apparently too slow to prevent the preferential formation of pyridyl sulfide 71).
In agreement with the above reasoning, the use of the much more reactive diphenyl diselenide as the radical trapping agent gave efficient capture of carbon radical 12 affording 6-phenylselanyltricyclodecadienone 7h in an excellent yield of 94%.
The transformation of the 2-carboxylic acid function in 6-into 6-oxygen substituted tricyclodecadienones such as alcohol 7i is of great importance as these compounds may eventually give rise to 3-oxycyclopent-2-enones by the sequence of events depicted in Scheme 1. These substructures occur in natural cyclopentenoids, e.g. kjellmanianone 14. The transformation of carboxylic acid moiety into an oxy group is usually a multistep operation involving either some oxidation process e.g. a Baeyer-Villiger oxidation of the corresponding ketone, or a decarboxylative conversion to a leaving group e.g. a halide, which then allows oxygen substitution using a metal hydroxide or alkoxide. As radicals are usually efficiently trapped by triplet oxygen, the synthesis of bridgehead alcohol 7i was attempted applying Barton's decarboxylation procedure in the presence of oxygen9L Unfortunately, no satisfactory results were obtained. Again the formation of the pyridyl sulfide 7_.bb turned out to be much more effective than capture of molecular oxygen. Recently, a new and synthetically more attractive method for the oxydecarboxylation of thiohydroxamic esters was developed 15 involving the generation of the carbon radical in the presence of antimony trisphenyl sulfide which leads to the formation of the corresponding carbon substituted bisphenyl antimonate (Scheme 3). Oxidation of this rather unstable antimonate with molecular oxygen, followed by aqueous work up, then produces the desired alcohol. When this procedure was applied to tricyclic carboxylic acid 6-by adding antimony trisphenyl sulfide to thiohydroxamic ester 11 at room temperature, in the dark and under an oxygen atmosphere followed by the addition of water, 6-hydroxytricyclodecadienone 7i was isolated in 40% yield after column chromatography (Scheme 3, Table 1 ). This result suggests that tricyclic antimonate 13 has indeed been formed. A second tricyclic
compound was isolated in 25% yield to which, on basis of spectral evidence, structure 14 was assigned.
This product is clearly the result of thiophenolate addition to thiohydroxamic ester 1_! which apparently competes with the radical reaction. The occurrence of appreciable amounts of thiophenolate in the reaction mixture is probably the result of decomposition of the antimony trisphenyl sulfide which is known to be water and air sensitive. Although there is certainly room for improving this oxydecarboxylation of 6 into 7/, no further attempts were made as a much more effective route to 6-substituted oxytricyclodecadienone was found starting from tricyclic bromide 7d (vide infra). hydrolysis afforded carboxylic acid 17 in a quantitative overall yield. The bromodecarboxylation and the phenylselenodecarboxylation of 17, following the procedure described for the preparation of 7___dr and ~, gave 18__aa and 18b, respectively, in excellent yields.
The results described above show that an excellent route to a variety of 6-substituted tricyclodecadienones 7_ starting from readily available tricyclic carboxylic acid 6 has been attained using the thiohydroxamic radical chemistry. The only drawback encountered is the relatively high stability of bridgehead radical 12 which necessitates rather reactive radical trapping reagents in order to suppress the formation of pyridyl sulfide 7___b. b and to obtain acceptable yields of the desired 6-functionalized tricyclodecadienones _7.
The 6-substituted halides 7_e,d,g appeared to be rather reactive compounds. At room temperature they slowly decompose as indicated by their darkening. They can however be kept in the refrigerator for months without noticeable change. In order to uncover the chemical properties of these halides 7_ in connection with their application in the synthesis of halovulones and punaglandines, the behavior of tricyclic bromide 7d in nucleophilic medium was investigated. A fast reaction was observed when 7d was stirred in methanol in the presence of some potassium hydroxide. At room temperature the bromide disappeared within a few minutes to give a major compound together with a minor amount of a second product. Both compounds could readily be separated by column chromatography. Spectral analysis of both compounds immediately revealed the absence of bromine. The major compound isolated contained a methoxy group while its NMR-spectral features closely resembled that of the original bromide 7__dr suggesting this product to be 6-methoxy-endo-tricyclodecadienone 1.99 (Scheme 5). To prove the endo-configuration, photocyclization of 19, which is a well-established process for endo-tricyclodecadienones, was performed by irradiation in toluene, affording 1,3-bishomocubanone 20 in quantitative yield. This reaction unambiguously confirms that structure 19 is correct. The minor compound exhibited a rather complicated 1HNMR-spectrum whereas the 13CNMR-spectrum indicated a high degree of unsaturation which together with the observed number of carbon resonances suggested a product with a dimeric structure. On the basis of these spectral features together with mechanistic considerations dimeric structure 21 was assigned. The high yield formation of both 19 and 21 from 7d can conveniently be rationalized by assuming an initial base-induced enolization of 7d followed by rapid elimination of the 6-bromo substituent to give the highly strained norbornene annulated cyclopentadienone 10. This elusive cyclopentadienone then, depending on the reaction conditions, undergoes either conjugate addition of methoxide or dimerization to give 19 and 21, respectively.
The occurrence of such a facile dehydrobromination of 7d to give 10 is surprising in view of the considerable increase in energy that goes along with the formation of such an annulated cyclopentadienone system. Cyclopentadienones are extremely reactive compounds and generally immediately dimerize in a Diels-Alder reaction after their formation 17. The isolation of the complicated heptacyclic dione 21 which is one of the conceivable Diels-Alder dimerization adducts of 1_O0 therefore presents firm evidence for its intermediacy in the reaction of bromide 7d with either potassium hydroxide or triethylamine in methanol. Apparently, the conjugate addition of methoxide to the C2-C 6 enone system in 10 to give 19 can effectively compete with the [4+2]-dimerization. To our knowledge this is the first example of a successful trapping of a cyclopentadienone intermediate by nucleophilic conjugate addition. The exclusive formation of 1-9 shows that this conjugate addition of the methoxide nucleophile to 1_. 9_0 is regio-and stereoselective.
The observed regiospecificity agrees with the higher reactivity of the more strained C2-C 6 enone moiety as compared with the peripheral C4-C s enone. The observation of exclusive methoxide attack at C 6 in 10 from the exo-face leading to the endo-tricyclodecadienone system is probably of steric origin although stereoelectronic effects may also play a role. Inspection of molecular models shows that addition of a nucleophile from this exo-face may sterically be slightly favored over attack from the endo-face. Additional evidence for the relatively slow dimerization rate of 10 was obtained from its trapping in a crossed Diels-Alder reaction with cyclopentadiene. When the dehydrobromination of 7d was carried out under the conditions used for the preparation of dimer 21, however, now in the presence of a five-fold excess of cyclopentadiene, hardly any dimer 21 was formed. Instead, a mixture of cycloaddition products 2_22 and 2__33 was obtained in a ratio of 1:2 and in 80% total yield (Scheme 6). were secured by correlation with known compounds. For this purpose the mixture of 2.22 and 23 was reduced with lithium in ammonia and subsequently oxidized with pyridinium chlorochromate to give 24 6-Functionalized tricyclodecadienones 5107 and 2_. . 55 (ratio 1:2). After separation by column chromatography the ]H-and 13CNMR spectra of both compounds indicated that these structures were highly symmetric. In principle, there are four possible structures which fulfill this requirement for either D or C2-symmetry viz. 24, 2_..$5, 28 and 29 (Schemes 6, 7 and 8) . Since the NMR-spectra of the isolated adducts did not allow an unambiguous structure assignment, independent synthesis of some of the possible candidates was pursued. Compounds 2_. _$5 and 28 were readily available by the Diels-Alder reaction of parent endo-and exo-tricyclodecadienones 7_.aa and 2__66, 30 is a known compound 19 comparison of spectral data will allow unequivocal assignment of this second unknown structure. Indeed, when this adduct was subjected to irradiation in benzene containing 10% of acetone cage ketone 30 was obtained in 60% yield and accordingly identifying its photoprecursor as 24. It should be mentioned that ketone 30 can also be obtained from related benzoquinone 31 in 7 steps and in an overall yield of 3.9% 19 .
The formation of adducts 22 and 23 in the crossed Diels-Alder with cyclopentadiene demonstrates that the [4+2] cycloaddition does not occur at the central C2-C 6 enone system despite its higher reactivity.
Even with a reactive diene such as cyclopentadiene, the steric barrier imposed by either the methylene or ethene bridge can not be overcome and the cycloaddition reaction takes place exclusively at the peripheral enone system in 10 and in the endo-fashion.
It is of interesting to note that tricyclodecatrienone 10 constitutes a chiral cyclopentadienone and therefore will allow the synthesis of enantiopure products. This is nicely demonstrated by the synthesis of enantiopure dimer (-)-21 from enantiopure bromide (-)-7d by treatment with triethyl amine in methanol.
The chemistry of tricyclic bromide 7d described above opens interesting new manners for the synthesis of natural products and cage compounds via the intermediacy of norbornene annulated cyclopentadienone 10.
Experimental section

General remarks
Melting points were measured with a Reichert Thermopan microscope and are uncorrected. IR spectra were recorded on a Perkin-Elmer 298 infrared spectrophotometer. 1H and 13C-NMR spectra were recorded on a Bruker AM-400 spectrophotometer, using TMS as an internal standard. For mass spectra a double focussing VG 7070E mass spectrometer was used. Capillary GC analyses were performed using a Hewlett-Packard 5890A gas chromatograph, containing a cross-linked methyl silicone column (25m).
Flash chromatography were carried out at a pressure of ca. 1.5 bar, a column length of 15-25 cm and a column diameter of 1-4 cm, using Merck Kieselgel 60H. Elemental analyses were performed on a Carlo Erba Instruments CHNS-O 1108 Elemental analyzer. Optical rotations were determined on a Perkin-Elmer 241 polarimeter. All solvents used were dried and distilled according to the standard procedures.
General procedure for Barton's radical decarboxylation reaction A: Preparation of acid chlorides
The acid chlorides were prepared immediately before use and were not purified. Thus, a solution of the corresponding carboxylic acid (1 mmole) in benzene (5 ml) was treated with oxalyl chloride (0.3 ml) and a drop of dimethyl formamide. After stirring for 2 hrs at room temp. with protection from moisture, the solvent and the excess of oxalyl chloride were evaporated in vacuo and the residual acid chloride was used as such.
B: Barton's radical reaction
Acid chloride (1 mmole) in appropriate solvent (5 ml) was added dropwise (adding rates depend on the reaction) to a dried, stirred suspension of N-hydroxypyridin-2-thione sodium salt (1.2 mmole) in the same solvent and containing the radical trapping reagent. During the addition the mixture was heated at reflux and irradiated with a 250 w tungsten lamp under an inert atmosphere. After completion of the addition the 6-Functionalized tricyclodecadienones 5109 reaction mixture was cooled to room temp. and evaporated to dryness. The crude product was purified by flash chromatography over silica gel and/or recrystallization.
endo.Tricyclo [5.2.1.02,6]deca-4,8-dien-3-one 7a 3c Following the general procedure (addition time: 15 min., benzene as solvent and t-butyl thiol as trapping reagent), flash chromatography (n-hexane:ethyl/acetate = 9/1) gave 7__~a (90 mg, 60%) as a white crystalline material together with 7_. _bb (38 mg, 15% 6-Chloro-endo-tricyclo [5.2.1.02'6 ]deca-4, 8-dien-3-one 7c Following the general procedure (addition time: 30 min., carbon tetrachloride as solvent and trapping reagent), flash chromatography (n-hexane/ethyl acetate =9/1) gave 7__c 2(~ rag, 14%) and 7b (180 mg, An improved procedure for the preparation of chloride 7c
The reaction was carded out as above but now without irradiation. (The reaction vessel was covered with aluminium foil). After adding the acid chloride, chlorine t-butyoxide (0.5 ml) in CC14 (1 ml) was added immediately. The stirring was continued for 20 min. at room temp. The yield of 7_c was improved to ~30% (55 mg).
J. ZHl.r etal. 6-1odo-endo-tricyclo [5.2.1.O z6 ldeca-4,8-dien-3-one 7e Following the general procedure [addition time: 15 minutes, toluene as solvent and iodoform (800 rag, 2 eq.) as trapping reagent], flash chromatography (n-hexane:ethyl acetate =9:1) gave 7__ee (170 mg, 62.5%) as a white crystalline material. An analytical sample was obtained by crystallization. 6-Phenylselenyl-endo-tricvclo [5.2.1.O2'6 ]deca-4,8-dien-3-one 7h Following the general procedure [addition time: 15 minutes, toluene as solvent and diphenyl diselenide (2 eq.) as trapping reagent], flash chromatography (n-hexane:ethyl = 19:1) gave 7h (282 mg, 94%) as a white solid. 6-Hydroxy-endo-tricyclo dien-2-carbothioic acid S-phenyl ester 14
The acid chloride of 6 (1 mmole) in dichloromethane (5 ml) was added (5 minutes) to a dried, stirred suspension of N-hydroxypyridin-2-thione sodium salt (1.2 mmole) in dichloromethane (5 ml) at room temp. under an air atmosphere. The reaction vessel was covered with aluminium foil. After completion of the addition (PhS)3Sb (900 mg, 2 mmole) in dichloromethane was added and stirring continued for 10 rain.
at room temp. while protecting from light!. Then water (0.5 ml) was added and the aluminum foil removed. The mixture was stirred at room temp. for another 2 hrs. Solid material was removed by filtering and the liquid layer concentrated in vacuo. The crude product was purified by flash chromatography (n-hexane/ethyl acetate = 4/1) on silica gel to give 7i (65 mg, 40%) and 14 (70 rag, 25%). An analytical sample was obtained by crystallization. 
